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DEVELOPMENT OF A DIRECT TYPE ROAD ROUGHNESS EVALUATION
SYSTEM
Fengxuan Hu
ABSTRACT
Roughness is an important indicator of pavement riding comfort and safety. It is a
condition indicator that should be carefully considered when evaluating primary
pavements. At the same time, the use of roughness measurements plays a critical role in
the pavement management system.
There are many devices used for roughness evaluation. The major tools used for
road roughness quantify are the road profilers. In the thesis research, in order to obtain
useful pavement surface condition data for pavement evaluation, two direct type road
roughness evaluation systems were developed with the combination of modern sensor
technology and computer technology.
The thesis will focus on the development of the direct type profiler systems,
including the improvement of the hardware design, the new direct type road roughnessmeasuring system using different method, the software development, which makes it
more functional.
In order to evaluate the accuracy and correction of the direct type profiler system,
different roughness devices (including FDOT High-Speed laser profiler, FACE Dipstick
viii

and direct type I profiler) were operated in 4 calibration sites. The research focused on
several performance measures, such as correlativity, repeatability. IRI and RN results
from these devices were analyzed to evaluate the correlativity between these devices.
After verified that direct type I profiler has good repeatability and correlation with FDOT
High-Speed laser profiler, FACE Dipstick, 10 calibration sites data in Tampa were
collected using direct type I profiler and direct type II profiler. The repeatability and
correlation analysis between the two profilers were performed.
From field experiments and data analysis, it shows:
1. Direct type I profiler showed satisfactory repeatability performances;
2. Direct type I profiler has good RN correlations High-Speed laser profiler;
3. Direct type I profiler has good correlations with Dipstick, High-Speed laser
profiler in terms of IRI
4. Direct type II profiler does not has good correlation with direct type I profiler;
the performance needs to be improved.
Except for these conclusions, it is also found that the High-Speed profiler can be
operated at different speeds with little differences in RN values, the sampling rate did
show impact on RN value.

ix

CHAPTER 1
INTRODUCTON
1.1 Research Background
Pavement roughness is one of the most important performance measures for
pavement surface performance conditions. Pavement roughness is also an important
indicator of pavement riding comfort and safety. Roughness condition has been used as
the criteria for accepting new construction of pavement (including overlay) and also as
the performance measure to quantify the surface performance of existing pavements in a
pavement management system at both network level and project level. For example,
roughness can be used for dividing the network into uniform sections, establishing value
limits for acceptable pavement condition, and setting maintenance and rehabilitation
(M&R) priorities, or roughness measurements are used to locate areas of critical
roughness and to maintain construction quality control.
The need to measure roughness has brought a wide of instruments on the market,
covering range from rather simple devices to quite complicated systems. In the past
decades, roughness measurement instruments had become the everyday tools to measure
road roughness. A substantial body of knowledge exists for the field of system design and
technology. There are also many proven methods for analyzing and interpreting data
similar to the measurement results obtained from these systems.
1

By far, the major tools applied in the road roughness quantify is the road profilers.
A variety of devices are available today to measure a road profile. These devices range
from the hand-held Dipstick™ profilers, high-speed, vehicle-based profilers and
Response-Type Systems. The former devices are based on mathematical modeling of the
measured pavement surface profiles so the result indices are repeatable. However, the
latter systems that were also called as road meters are always a passenger car, a van, a
light truck, or a special trailer. Engineers install devices to record suspension stroke as a
measure of roughness, normally it is a transducer that accumulates suspension motions
and is known as response-type road roughness measuring system (RTRRMS). Response
type indices are vehicle dependent and are not repeatable -- even when the same vehicle
is used -- due to changes in the vehicle's characteristics over time and driver’s driving
behavior.
At the same time, difficulties exist in the correlation and transferability of
measures from various instruments and the calibration to a common scale, a situation that
is exacerbated through a large number of factors that cause variations between readings
of similar instruments, and even for the same instruments. The need of correlation and
calibration led to the advent of the International Road Roughness Experiment (IRRE) in
Brazil in 1982, which was also led to publish of International Roughness Index (IRI).
The research leading to the development of roughness measuring equipment dates
back more than 60 years. Early profilers were time and labor consuming, required testing
at very slow speeds. With the help of the development of sensors technology and
computer technology, it is no longer the case nowadays. In the thesis research, in order to
obtain useful pavement surface condition data for pavement evaluation, two measuring
2

systems was developed with the combination of the modern sensors and computer. The
first profile roughness measuring system uses the absolute tilt angle and includes
measuring the profile, filtering the profile to get only those waves of interest, and
mathematically computing all major types of roughness index. The second one uses the
relative angle to measure the profile. The repeatability and correlation analysis between
the two profiles were introduced. They are both Direct Type road roughness evaluation
systems.

1.2 Basic Concepts

1.2.1

Profiles
The evaluation of the entire pavement surface is required to define roughness

completely. However, for most purposes, roughness can be divided into three profile
components of distortion: transverse, longitudinal, and horizontal. Of particular interest
are variations in profile that impart acceleration to the vehicle or occupant and thus
influence comfort and safety. Here, we will focus on longitudinal profiles.
Distortions of the pavement surface can generate both vertical and lateral
acceleration in the vehicle. Vertical acceleration is the major contributing factor to
occupant comfort and derives from longitudinal distortion of the pavement profile.
Lateral accelerations are the result of vehicle roll and yaw. Roll results from rotation
about the longitudinal axis of the vehicle while yaw is the rotation about the vertical axis.
The curvature of the roadway, which contributes to yaw, is normally handled through

3

good geometric design. Roll results from differential transverse pavement elevations.
Under severe conditions, it can impart an undesirable level of vertical acceleration.
It is possible to take many profiles for a road along a different line. However since
approximately 70 percent of vehicles travel in a well-defined wheel path with the right
wheel located 2.5 to 3.5 feet from the pavement edge, the wheel tracks of automobiles
and trucks are approximately 6 and 7 feet apart, respectively. Therefore, line
measurement of the longitudinal profile on the wheel path provides the best sample of
road surface roughness. Furthermore, comparison between the two wheel paths can
provide some measure of the transverse variations that affect roll.
Based on the pavement roughness definition, it is concluded that road roughness
evaluation requires measurement of the longitudinal profile of the pavement in the
vehicle wheel path. The profile of a road, pavement, or ground can be measured along
any continuous imaginary line on the surface and in order to obtain repeatable measures.
It helps to make the line physically by using paint. For engineering interpretation, the
measurements are usually handled with mathematical model that generates a summary
statistics, ranged from power spectrum to some type of roughness index.
1.2.2 Profile Index
A profile index is a summary number calculated from the data that make up a
profile. The profile index is portable, reproducible and stable with time. Almost all road
profiling system include two summary roughness statistic like, International Roughness
Index (IRI) and Ride Number (RN). There are other Roughness Indices in use; however,
because they are not widely available in the form of software and they correlate so highly
with IRI, we will focus on the former two indices.
4

1.2.3

Roughness Definition
From an auto driver’s point of view, pavement roughness is a phenomenon

experienced by the passenger and operator of a vehicle. According to the definition
(E867) of the American Society of Testing and Materials (ASTM), “roughness is the
deviations of a pavement surface from a true planar surface with characteristic
dimensions that affect vehicle dynamics, ride quality, dynamic loads, and drainage, for
example, longitudinal profile, transverse profile, and cross slope”. This definition covers
the factors that contribute to road roughness and it is also very broad. However, it does
not provide a quantitative definition or standard scale for roughness, so it still requires a
measurement and analysis method for quantifying distortions of the pavement surface.
Once the measurement and analysis method is selected, individual agencies can establish
interpretation scale to determine the severity of the roughness level. At the same time,
pavement roughness consists of random multi-frequency waves of many wavelength and
amplitudes. Longitudinal roughness has been defined as "the longitudinal deviations of a
pavement surface from a true planar surface with characteristic dimensions that affect
vehicle dynamics, ride quality and dynamic pavement load". Pavement profiles are
frequently used to characterize roughness.
There are several causes of pavement roughness: traffic loading, environmental
effects, construction materials and built-in construction irregularities. All pavements have
irregularities built into the surface during construction, so even a new pavement that has
not been opened to traffic can exhibit roughness. The roughness of a pavement normally
increases with exposure to traffic loading and the environment. Short-wavelength
roughness is normally caused by localized pavement distress, that is, depression and
5

cracking, at the same time the long-wavelength roughness is normally caused by
environmental processes in combination with pavement layer properties.
1.2.3.1 International Roughness Index (IRI)
The International Roughness Index (IRI) was established in 1986 by the World
Bank and based on earlier research work performed by NCHRP. It was first introduced in
the International Road Roughness Experiment (IRRE) that was held in Brazil. IRI is
calculated from a measured longitudinal road profile by accumulating the output from a
quarter-car model or directly derived from a class 1 or class 2 instruments and divided by
the profile length to yield a summary roughness index with units of slope. The IRI has
been reported to be relevant as an indicator of pavement serviceability, independent of
the particular equipment used to measure roughness, it is internationally and
geographically transferable and time stable. IRI is often used as an accepted standard
against which roughness measuring systems are calibrated.
1.2.3.2 Ride Number (RN)
Ride Number is a profile index intended to indicate ride ability on a scale similar
to PSI. The longitudinal profile measurements taken with a profiler are processed using a
computer program to obtain the RN, which matches the mean panel rating of a rating
panel.
Rider Number is an estimate of Mean Panel Rating and uses the 0 to 5 scale. It is
a nonlinear transform of PI. It is ideally calculated from the profiles in the left and right
wheel paths of automobiles. The method was to be provided as portable software similar
to that available for the IRI. Details of Ride Number are handled in computer software.
6

1.2.4

Signal Processing and Filter
Modern profilers produce sequence of numbers called as a signal. The outputs of

the transducers in the profile are converted to numbers and processed by computer.
Signal processing is the mathematical analysis and transformation of signals.
There are mainly two reasons for the signal processing: the first is to improve the quality
of a measurement by eliminating unwanted “noise” from the data, and the second is to
extract information of interest from the signal.
A profile can be considered consists of different wavelengths, varying from a few
inches to hundreds of feet. To analyze a profile for roughness, it is important that the
profile be filtered to include only those waves of interest.

1.3 Research Objective

During the study period and based on previous work, two multifunctional
pavement evaluations and survey instruments were developed, both are Direct Type
Automatic Pavement Evaluation System (DAPRES) – one uses absolute tilt angle of the
road and the other uses relative angle to get pavement profile.
The direct type I walking profiler relies on the combination of a tilt sensor and a
distance sensor housed together within a survey cart. It can be classified as class 1
instrument for pavement roughness measurement that is operated at the walking speed.
The roughness output of the system consists of the raw pavement profile, filtered
pavement profile of those waves of interest and the major pavement indices like IRI value
and RN value.
7

However, there are problems exist in the direct type I profiler system. First, the
operator has to push direct type I profiler at a smooth and almost constant speed during
data collection. Also there are angle compensations at the beginning and the end of data
collection. The angle compensation is constant at different horizontal acceleration. The
last problem is that the results get from the direct type I profiler are affected if the
operator changes speed during data collection
In order to solve these problems, direct type II profiler was developed. It employs
a tilt sensor, which is used to get the first tilt angle of the pushing cart, a rotary sensor,
which was used to get the relative angle of the front part to the back part in the pushing
cart and a distance sensor to get distance information. After developed direct type II
profiler system, the system performance needs to be verified; the repeatability and
correlation between direct type I and direct type II profiler are also need to be tested.
The thesis will focus on the development of these systems, including the
improvement of the hardware design in order to make it rigorous and reliable, the
software development, which makes it functional. At present, the accompanying software
can accomplish all major profile measurement function from the minimization of the
measurement error, filter technology and the on board calculation of the major pavement
condition indices.
In order to test the system performance and repeatability, correlation between
direct type I profiler and Dipstick, laser profiler, the ordinary field-testing and data
collection work for the development of the systems were made through the research
period. Based on the recommendation by FDOT state materials office, four test sites in
Gainesville area were selected for the research. The filed data collection was performed
8

by direct type I profiler, Dipstick and laser profiler. For the repeatability and correlation
of our two profile systems, the systems were run along the same marked wheel paths of
several testing sections in Tampa area. In order to make the correlation model more
useful at different operation speed, the roughness level of the test sections covers a wide
range of surface roughness.

1.4 Outline of the Thesis

This thesis consists of six chapters. Chapter 1 is a comprehensive introduction of
the thesis. Chapter 2 focuses on literature review to describe past studies on related topics
and some road roughness systems are also introduced. Chapter 3 will summarizes the
methodology of the whole thesis including the methods used in the two direct type
profiler system, the general algorithm for the IRI calculation, RN calculation methods,
and digital filter’s design. Chapter 4 consists of the detailed description of the system
development including hardware design and software user interface and all the functions.
Chapter 5 is a major part of the thesis. It includes the introduction of the data collection,
the data analysis models. Some results will also be shown in this chapter. Chapter 6
presents the summary, final conclusion and recommendation of this study.

9

CHAPTER 2
LITERATURE REVIEW
In order to understand the pavement roughness and pavement roughness
measurement problems, current roughness measuring system situation, an overview of
the past studies and the research about different pavement measurement systems are
introduced in this chapter. The significance of related topics and the potential study topics
expected are also presented.

2.1 Overview

A lot of studies and research have been done on the subject of pavement
roughness since 1960s. In the late 1960s, after Spangler and Kelley developed GMR
profilometer at the General Motors Research Laboratory, the routine analysis of
pavement profiles began. NCHRP sponsored a study of response-type road roughness
measuring system such as the BPR roughometer and vehicles equipped with Mays rider
meters in the late 1970s. An objective of the study was to develop calibration methods for
the response type systems. The best correlation was obtained by using the Golden Car. In
the late 1970s, when many state and federal agencies in charge of monitoring pavement
conditions began using profilers to judge the serviceability of roads, profiling technology
found broad application beyond research in the United States. A major advantage of
10

profilers is that they are capable of providing a stable and transportable way of measuring
roughness. In other words, roughness values produced by a valid profiler can be
compared to values from prior years and values measured by other valid profilers.
Unfortunately, insufficiencies in profiler design, data processing techniques, and
operational practices have compromised the accuracy of profile measurement.
In 1982 the World Bank initiated a correlation experiment to establish correlation
and the calibration standard for road roughness measurement and to develop IRI became
an objective of the research program. The main criteria were that IRI is relevant,
transportable and stable with time. The Golden Car simulation was one of the candidate
references considered. After processed the data, a quarter car and a half car model were
found with two vehicle simulations based on Golden car parameters. The quarter car
model was selected because it could be used with all profiling methods that were in use at
that time. Then “Guideline for conducting and calibrating roughness measurements” was
published in 1986. This technical paper presented the instructions for using various types
of equipment to measure profile and get IRI. It also included computer code for
calculating IRI of pavement profile. In 1990, the United States FHWA required IRI as the
standard reference.
In the 1990s, the ultrasonic sensors were used in response type road roughness
measuring system. The ultrasonic profiler is a faster and reliable system. But it has
problems with the response type systems: except that ultrasonic sensors were found to be
insufficient for measurement of IRI and RN, the measurement became erroneous in the
presence of water; the system was very sensitive to the pavement texture and it needs a
lot of maintenance. Due to slow response time of ultrasonic sensors, the test speed of
10

ultrasonic profile was slow. Through the development and improvement of laser
technology, laser sensors were used in that late 1990s, the measuring speed of the profiler
was improved. The measuring speed could be up to 60 miles per hour. Nowadays, many
state department of transportation in the United States use the laser profiler to measure
the pavement roughness.

2.2 Roughness Measurement Systems

Pavement profile may be measured in the field and evaluated or summarized by
computer, or it can be processed through a mechanical response type device. The need to
evaluate roughness of pavements was recognized in the 1920s. the concept of the
functional performance of pavements was developed at the AASHO Road Test in the late
1950s. The most straightforward techniques for measuring the profile of a pavement is
with precision rod and level survey. However, it is time consuming, costly and limited to
the evaluation of short length of pavements. So there are many kinds of pavement
roughness measuring system in the United States. Generally, the roughness measuring
system can be divided into three classes:
1. Class I. Manually operated instruments accurately measure short wavelength
profiles of the pavements. The measurement interval is less than equal to 1 foot,
and the maximum error is 1.5 percent bias, or 19 inches/mile.
2. Class II: Dynamic direct profiling instruments that employ a variety of methods to
produce elevation data. The measurement interval is less than or equal to 2 feet,
and the maximum error is 5 percent bias, or 44 inches/mile.
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3. Class III: Response Type Road Roughness Measurement System (RTRRMS),
which accumulates suspension deflections from the roadway surfaces. The
maximum error associated with the operation of these instruments is 10 percent,
or 32 to 63 inches per mile.
Class I and class II include instruments used in the measurement of the shorter
wavelengths contained in the pavement surface profiles. The instruments within these
classifications possess the highest resolution and the smallest acceptable maximum error.
The disadvantages of class I and class II devices are the low operating speed and the need
to close the facility while the measurements are performed.
2.2.1 Class I System
2.2.1.1 Rod and Level
Rod and level (shown in Figure 2-1) is called static because the instruments are
not moving when the elevation measures are taken. It is conventional surveying
equipment consisting of a precision rod, a level for establishing the horizontal datum, and
a tape to mark the longitudinal distance for elevation measurement.

Figure 2-1 Rod and Level
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2.2.1.2 Dipstick
The Dipstick (shown in Figure 2-2) is a device developed, patented, and sold by
the Face Company. It is the simplest devices for measuring the profile of the pavement. It
consists of an inclinometer mounted on a frame; a handle and a microcomputer are
mounted on the Dipstick.
The Dipstick is “walked” along the line being profiled. The distance between the
two support feet are 305 mm apart. To get the profile along the ground, the surveyor
leans the device so all of its weight is on the leading foot, then raising the rear foot
slightly off the ground. Then you pivot the device 180 degree about the leading foot,
locating the other foot (formerly behind) in front, along the line being profiled. The
computer monitors the sensor continuously. When it senses the instrument has stabilized,
it automatically records the change in elevation and beeps, signaling that the next step
can be taken.

Figure 2-2 FACE Dipstick
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The reference elevation is the value calculated for the previous point. The height
relative to reference is deduced by the angle of the device relative to gravity, together
with the spacing between its supports. The longitudinal distance is determined by
multiplying the number of measures made with the known spacing. Data analysis for IRI
computations is computerized and a continuous scaled plot of surface profile can be
printed. However, the Dipstick does not have the capability to generate RN
measurements.
2.2.2 Class II System
2.2.2.1. K.J. Law Profilometer
This profiler is a refined version of the original GM-type inertial profiler. The
original GM profiler was developed in the 1960s using inertial reference concept. The
original model consisted of two spring-loaded, road-following wheels mounted on arms
beneath the vehicle. These arms were held in contact with the road by 300-lb spring
force. A linear potentiometer measured the relative displacement between the road
surface and a computed inertial reference. Vehicle frame motion is measured by doubling
integration of the signal from accelerometers, which are mounted on the frame over each
of the rear wheels. These accelerometers sense the vertical motions of the vehicle body
relative to an inertial reference. Frame motion is added to the relative displacement
motion. Two profiles result −− one for the right and one for the left wheel path.
Improvements to the original profiler design by K. J. Law Engineers Inc., include
"the conversion to a digital instrumentation system, a non-contacting road sensor, and a
digital, spatial-based processing method for computing the measured profile. The
14

processing method produces profile measurement that are independent of measuring
speed and changes in speed during measurement." Profiles are measured in real time by a
non-contacting optical displacement measuring system and precision and accelerometers
in the right and left wheel paths. The accelerometers measure vehicle motion while the
optical measuring system measures displacement between the vehicle body and the paved
surface. These two inputs are fed into the system's on-board microcomputer, which
computes the road profile.
2.2.2.2. APL Profilometer
The Longitudinal Profile Analyzer (APL, shown in Figure 2-3) was developed by
the French Road Research Laboratory. It consists of a towed trailer with a combination of
instrumentation and build-in mechanical properties that allow longitudinal profile to be
measured. The profile reference is provided by an inertial pendulum instead of an
accelerometer. This pendulum is centered by a coil spring and amped magnetically. A
low voltage displacement transducer is located between the pendulum and the arm of the
road wheel.

Figure 2-3 APL Profilometer
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As the trailer wheel moves up and down in response to the road roughness, the
angle between pendulum and wheel frame is measured and converted to a vertical
distance measurement, which is recorded at specified distance intervals. Due to the
mechanical nature of the device, measurements must be performed at constant speed; the
response is quite sensitive to the speed. Measurement of the profile distortions that are
significant for highway pavements requires operating the APL at approximately 13 mph.
2.2.2.3 South Dakota Profiler
The South Dakota Profiler was developed by the South Dakota Department of
Transportation in 1981. It is typically mounted in a small to mid-sized van and measures
pavement profile and rut depth. Mounted on the front of the initial vehicles are an
accelerometer and ultrasonic sensor for profile measurement in on wheel path and three
ultrasonic sensors for the measurement of the rut depth. Profile elevation measurements
are reported at 1 feet interval and rut depth elevations are measured and reported at 2 feet
intervals. Testing speed can range up to 65 mph.
Roughness output has been reported by South Dakota profiling system by a PSI
value computed form the measured profile data. Profile data are processed nearly
instantaneously by the system software using correlations between measured profile
values and rating panel values from surveys conducted in South Dakota. It also has the
capability to generate IRI from measured profile data.
2.2.3

Class III System
There are two basic designs of response-type road roughness measuring systems

or devices: these measuring the displacement between the vehicle body and axle, and
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those that use accelerometer to measure the response of the vehicle axle or body. In
reality, these devices measures the response of the vehicle to the roughness of the road;
hence, the term RTRRMS to describe this class of measuring equipment. Due to their low
cost, simple design, and high operating speed, these devices have been widely used by
highway agencies to collect roughness data for pavement management system.
2.2.3.1 BPR Roughometer
The BPR roughometer (shown in Figure 2-4) was first introduced in 1925, and
was recognized as being the best high-speed roughness-measuring device available at that
time. It consisted of a single wheeled trailer that is towed by a car or a light truck at a
speed of 20 mph. The wheel is mounted on leaf springs supported by the trailer frame.
Pavement surface contours cause the sensing wheel to oscillate vertically with respect to
the frame. The vertical movement is accumulated using a numerical integrator, yielding a
roughness statistic in terms of in/mile.

Figure 2-4 BPR Roughometer
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After some period of use, it was learned that the equipment was highly susceptible
to changes in temperature and to the condition of its bearings and other mechanical
components. In addition, it has a resonant frequency problem that, it excited, produced
erroneous results. Vibrations were commonly noted at high roughness levels. As a result,
its use has gradually declined.
2.2.3.2 Light Weight Profiler
The lightweight non-contact profiler (show in Figure 2-5) has emerged for
pavement quality control and pavement evaluation purposes. It provides the benefit of
use immediately after hot-mix asphalt construction and much sooner than would be
possible with the network level devices on new pavements. However, they have operating
speeds ranging from 8 to 25 miles per hour, which makes it impractical for high speed,
large road network data collection.
The basic system consists of an accelerometer, a non-contact sensor distance
measuring instrument, a graphic display, a notebook computer, with a graphics printer.
Inputs from the accelerometer and non-contact sensor are fed to the system's on-board
computer, which calculates and stores a user selected smoothness index, and capable of
storing as much as 13,000 miles of data. Pavement profile data points, taken every inch,
are averaged over a running 12-inch interval and stored as profile points every 6 inches,
or every inch if required. The results can be viewed on-screen or output to the printer.
The longitudinal measurements are independent of variations in vehicle weight, speed,
extremes in temperature, sunlight, wind, and pavement color or texture. They can also
calculate different smoothness indices using the same data. The system also generates a
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profile graph plot with defect locations and must grind lines, which tells the user where
the roughness exists and what corrective action to take.

Figure 2-5 Lightweight Profiler and Non-contact Sensor
2.2.3.3 Laser Profiler
The Laser Profiler uses an infrared laser and precision accelerometer to obtain an
accurate, precise profile measurement at speeds up to 65 MPH. It uses the measurement
to calculate a profile index (PI), international roughness index (IRI), and ride number
(RN), which is used to rate the surface smoothness. The system also generates a
profilograph-type plot with defect locations and must grind lines, which tells the user
where the roughness exists and what corrective action to take. There are many companies
that produce laser profilers, like International Cybernetics Corporation (ICC), Roadware
Group Inc. and etc. Figure 2-6 and Figure 2-7 are the pictures of ICC laser profiler and
Automatic Road Analyzer (ARAN) of Roadware Group Inc. respectively.
The laser profiler consists of industrial PC with printer, precision accelerometer,
laser height sensor, data acquisition sub-system and distance measuring instrument. The
axle-mounted accelerometer is not as sensitive to the vehicle parameters as the
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displacement type devices. Movement of the axle in response to road roughness depends
on the amount of tire distortion and the upward vertical force generated when the tire hits

Figure 2-6 ICC Laser Profier

Figure 2-7 ARAN Laser Profiler
a bump and the downward vertical force of the vehicle suspension. If the force of the
suspension on the axle is greater than the upward force generated by the bump, then the
tire maintains contact with the pavement so the axle provides a reasonable tracking of the
pavement surface. The output of the accelerometer can be integrated twice to obtain an
estimate of the vertical axle movement. However, this integration process can magnify
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the effect of undesired noise in the signal. Generally the axle mounted RTRRMS’s use a
measure of the root-mean-square acceleration of the axle to quantify pavement
roughness. The data collected is not affected by vehicle variation such as speed, weight
and suspension. Measurements are not affected by changes in temperature, pavement
color or texture, sunlight, wind and speed.
The Profiler offers many benefits over the conventional method of measurement.
It doesn’t require any set up or break down and operates at speeds up to 65 MPH. This
permits rapid, real-time measurements. This also eliminates the need for lane closures or
traffic control to test existing pavements. When the Profiler is used on an all terrain
vehicle it is so lightweight it can test pavements before they have completely set up. The
Profiler can be provided on any vehicle required by the user. The equipment is mounted
to an all terrain vehicle or can be supplied to mount into any specified vehicle. The
system collects data in real-time as it traverses the pavement’s surface. The raw data is
processed and the results are output in standard or metric units on the flat panel display or
graphics printer and are saved on a hard drive or floppy drive.
The software of Laser profiler includes digital band-pass filters passing
wavelengths of 1 feet to 300 feet, digital high-pass filters passing filters passing
wavelengths of 2 feet or less, and statistical models generating the reported roughness
statistics root mean square vertical acceleration (RMSVA), mean absolute slope. The
laser profiler provides surface profile, IRI, Serviceability Index (SI) and Ride Number
output.
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2.3 Roughness Indices

A profile measurement is a series of numbers representing elevation relative to
some reference. There could be thousands of numbers per mile of measured profile. A
profile index is a summary number calculated from the many numbers that make up a
profile. At the same time, a profile index should have following characteristics:
1. Portable: It can be measured by different types of profiler instrument, so long as
they are valid for that index,
2. Stable with time: Because the concept of a true profile has the same meaning from
year to year, it follows that a mathematical transformation of the true profile is
also stable with time.
In 1982 the World Bank initiated a correlation experiment in Brazil called the
International Road Roughness Experiment (IRRE) to establish correlation and a
calibration standard for roughness measurement (Sayers 1991). In processing the data, it
became clear that nearly all roughness-measuring instruments in use through the world
were capable of producing measures on the same scale, if that scale had been selected
suitable. Accordingly, an objective was added to the research program: to develop IRI.
The main criteria in designing the IRI were that it be relevant, transportable, and stable
with time. To ensure transportability, it had to be measured with a wide range of
equipment, including response-type systems. To be stable with time, it had to be defined
as a mathematical transform of a measured profile. Many roughness definitions were
applied to the large amount of test data obtained in the IRRE. The Golden Car simulation
from the NCHRP project was one of the candidate references considered, under the
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condition that a standard simulation speed would be needed to use it for IRI. After
processing the IRRE data, the best correlation between a profile index and the responsetype systems were found with two vehicle simulations based on the Golden Car
parameters: a quarter-car and a half-car. Both gave essentially the same level of
correlation. The quarter-car was selected for the IRI because it could be used with all
profiling methods that were in use at that time. The consensus of the researchers and
participants is that the standard speed should be 80 km/hr (49.7 mph) because at that
simulated speed, the IRI is sensitive to the same profile wavelengths that cause vehicle
vibrations in normal highway use. The research findings were highly encouraging and led
the World Bank to publish guidelines for conducting and calibrating roughness
measurements. The researchers (Sayers, Gillespie, Queiroz and Paterson) prepared
instructions for using various types of equipment to measure IRI. The guidelines also
include computer code for calculating IRI from profile. A companion report described the
IRRE, using many analytical comparisons of algorithms and some sensitivity analyses. In
1990 FHWA required the IRI as the standard reference for reporting roughness in the
Highway Performance Monitoring System (HPMS).
The IRI is a general pavement condition indicator. It summarizes the roughness
qualities that impact vehicle response, and is most appropriate when a roughness measure
is desired that relates to: overall vehicle operating cost, overall ride quality, dynamic
wheel loads (that is, damage to the road from heavy trucks and braking and cornering
safety limits available to passenger cars), and overall surface condition.
following properties of the IRI:
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There are

1. It showed maximum correlation with the RTRRMSs in use,
2. It describes profile roughness that causes vehicle vibrations,
3. It is linearly proportional to roughness,
4. It is the first highly portable roughness index that is stable with time.

For decades, highway engineers have been interested in estimating the opinion of
the traveling public of the roughness of roads. The PSI scale from the AASHO Road Test
has been of interest to engineers since its introduction in the 1950’s. Ride Number is a
profile index intended to indicate ride-ability on a scale similar to PSI.
Direct collection of subjective opinion of Mean Panel Rating is too expensive and
provides no continuity from year to year. The NCHRP sponsored two research projects in
the 1980’s that investigated the effect of road surface roughness on ride comfort. During
two projects, mean panel ratings were determined experimentally on a 0 to 5 scale for test
sites. The researchers investigated a quarter car analysis and found significantly less
correlation between the quarter car index and panel rating than between a profile index
based on short wavelengths.
The profile-based analyses were developed to predict MPR. A method was
developed in which PSD functions were calculated for two longitudinal profiles and
reduced to summary statistic called PI (profile index). The PI values for the two profiles
were then combined in a nonlinear transform to obtain an estimate of MPR. There are
following properties for the Ride Number analysis:
1. It uses the 0 to 5 PSI scale,
2. It is a nonlinear transform of a statistic called PI,
3. Ride Number is correlated to IRI but the two are not interchangeable.
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CHAPTER 3
METHODOLOGY

3.1 Introduction

In the thesis research, two automatic pavement roughness-measuring systems
were developed; both of them are automatic true road profilers. But the methods used in
these two systems to get pavement profile are different: one uses the absolute tilt angle
of the road, while the other uses the accumulated rotary angle to get the profile. The
methodologies used to reach the various objectives are presented in this chapter.
This chapter consists of three sections. The first section will explain the methods
used to get the pavement profile. Then two different models and algorithms measuring
and calculating International Roughness Index (IRI) and Ride Number (RN) are
introduced. Finally the digital filter will be explained and the discussion of the digital
filter application in the pavement measurement system.

3.2 Methods to Get Road Profiles

3.2.1

Method Used In Direct Type-I Profiler
The calculation method of the direct-type system is shown in Figure 3.1.
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The distance between the two wheels in this project is the sample interval. When
the wheels move one round, the tilt sensor will take a sample. Since the circumference of
the wheel and the distance between the two wheels are the same, the front wheel at the
time of (k-1) sample and the back wheel at the time of k sample should be overlapped.

Figure 3-1 Calculation Method of the Direct Type-I System
Assume:
1. L: the total length of measured pavement (m),
2. D: the distance between the two axles center of the pushcart (m),
3. Yk: the kth measured pavement elevation between the two axles of pushcart (m),
4. θk: the k th measured tilt degree of pushcart
According to Figure 3.1, Yk can be calculated by the following equation:
Yk = Yk −1 + D * Sinθ k
The elevation of the first sample point is assumed to be zero, thus
Y0 = 0
Therefore,
N

Yk = D * ∑ Sinθ k
k =1
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Where,
k: from 0 to N, the total sampled data numbers, N = L/D
3.2.2

Method Used In Direct Type-II Profiler

The method used in direct type-II profiler is depicted in figure 3.2.

Y(n-1)
ßn-1

ß2

ßn

Y2
Y1

ß1 ą

Y(n)

2

ą1

Figure 3-2 Calculation Method of Direct Type-II System
The distance between the two wheels is the sample interval. First, the pushing cart
is in static position, so the first angle α 1 can be get through the tilt sensor, which is
accurate in static condition; and βn can be acquired using the rotary angle sensor, which
is also accurate either in static condition or in dynamic condition. When the wheels move
on round after the first sample, only the rotary sensor will take a sample, which is not
sensitive to horizontal acceleration. Since the circumference of all three wheels and the
distance between the three wheels are the same, the front wheel at the time of (k-1)
sample and the back wheel at the time of k sample should be overlapped.
Assume:
1. L: the total length of measured pavement (m)
2. D: the distance between the two adjacent axles center of the pushcart.
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3. Yn: the nth measured pavement elevation between the two axles of pushcart.
4. β n : the nth measured rotary degree of two board in the push cart.
In Figure 3.2, α 1 is measured using tilt angle sensor in static condition, β n is measured
using rotary angle sensor. From this figure, we can get the following equation:

α n = α n −1 + β n −1
Here, if the second board is on the top of the extended line, the symbol of β n is positive,
if the second board is on the lower of the extended line, the symbol of β n is negative.
So
 Y1 = D * Sin(α 1 )

 Yn = Yn −1 + D * Sin(α n )
 α =α +β
n
n −1
n −1


n≥2

where:
n: from 1 to N, the total sampled data numbers, N=L/D

3.3 IRI and RN Models and Algorithms

The International Roughness Index (IRI) has been widely used in many pavement
roughness-measuring systems. IRI was first introduced in the International Road
Roughness Experiment (IRRE) that was held in Brazil. In addition to evaluation of
pavement roughness performance, IRI is often used as an accepted standard against
which roughness measuring systems are calibrated. The quarter-car model was used in
the IRI algorithms. Sayers gives additional background on the IRI along with theoretical
and practical issues with its measurement in Transportation Research Record 1501.
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Ride Number (RN) is the result of a NCHRP research in the 1980’s. RN is an
estimate of Mean Panel Rating. Ratings from people reflect their opinions and are
subjective. Subjective rating scales for road usually range from 0 to 5. When a group of
ratings are taken together, the average rating can be fairly consistent. After statistical
processing, the results are processed to yield a single rating for the panel as a whole,
typically called mean panel rating (MPR).
3.3.1 Quarter Car Model

The concept of quarter-car simulation as a method for analyzing pavement profile
data was originally an attempt to simulate the output of the BPR roughometer [Hegmon,
1992]. Subsequently, vehicle simulation studies at the University of Michigan
demonstrated that full-car and half-car simulation models do not provide an advantage
over the quarter-car simulation with respect to the calibration of RTRRMS devices and
are computationally much complicated.
The parameters of the quarter-car that are shown in Figure 3-3:

Figure 3-3 Quarter-car Model
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these parameters include the major dynamic effects that determine how roughness causes
vibration in a road vehicle. The masses, springs, and dampers are defined by the
following parameters: the sprung mass of the vehicle body; the suspension spring and
damper (shock absorber) constants; the Unsprung mass of the suspension, tire, and wheel;
and the spring constant of the tire. Theoretical correctness would require a damper
constant for the tire. However, practical application generally ignores this term.
Mathematically, the behavior of a quarter-car can be described with two-second
order equations:
..

..

..

.

M S Z S + M U Z U + K t (ZU − Z ) = 0
and
.

M S Z S + C S (Z S − Z U ) + K S (Z S − ZU ) = 0
Where
1. Z = road profile elevation,
2. Zu = elevation of unsprung mass (axle),
3. Zs = elevation of sprung mass (body)
4. Kt = tire spring constant,
5. Ks = suspension spring constant,
6. Cs = shock absorber constant,
7. Mu = unsprung mass (axle), and
8. Ms = sprung mass.
The double dot notation above the elevation terms represents acceleration while
the single dot represents velocity.
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To simplify the equations, the parameters are normalized by the sprung mass, Ms.
The following values for the normalized parameters define the Golden Car data set:
K1 = Kt / Ms = 653,
K2 = Ks / Ms = 63.3
C = Cs / Ms = 6.0
M = Mu / Ms = 0.15
Since RTRRMS devices generally measure the movement between the vehicle
axle and body, simulation requires calculation of the difference in elevation between the
body and axle in response to the road profile and forward motion of the vehicle. This is
accomplished by integrating the difference in the velocities between the sprung and
unsprung mass; producing the quarter-car statistic, QCS:
QCS =

1
C

∫

T

O

.

.

Z S − Z U dt

The terms C represents either the total time required to traverse the section of road
or the length of the section, L. If the time factor is used to normalize the quarter-car
statistic, the calculation results in an average rectified velocity, while a distance base
yields the average rectified slope.
There are several acceptable numerical techniques for the solution of the equation.
However, the linear nature of the equations permits an exact solution with the state
transition matrix method.
Historically, two sets of vehicle parameters have been used for computing
quarter-car statistics for calibration of RTRRMS devices. A set representing the original
BPR Roughometer trailer was used for several years, until research at the Highway
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Safety Research Institute (HRSI) produced an updated set of vehicle parameters. The
World Bank recommends the HSRI vehicle parameters and has termed the quarter-car
statistic computed as the international roughness index, IRI.
Although the mathematical base for quarter-car simulation is somewhat complex,
computer programs are readily available for performing the calculation. Fortran source
code can be found at: http://www.umtri.umich.edu/erd/roughness/rr.html.
3.3.2

Calculation of IRI

The calculation of the international roughness index (IRI) is accomplished by
computing four variables as functions of the measured profile. (These four variables
simulate the dynamic response of a reference vehicle, shown in Figure 3-4, traveling over
the measured profile.) The equations for the four variables are solved for each measured
elevation point, except for the first point. The average slope over the first 11m (0.5 sec at
80 km/h) is used for initializing the variables by assigning the following values:
Z 1' = Z 3' = (Ya − Y1 ) / 11
Z 2' = Z 4' = 0
a = 11 / dx + 1
where Ya is the “a-th” profile elevation point that is a distance of 11m from the start of
the profile, Y1 is the first point, and dx is the sample interval.
The following four-recursive equations are then solved for each elevation point,
from 2 to n (n =number of elevation measurement):

Z 1 = s11 × Z 1' + s12 × Z 2' + s13 × Z 3' + s14 × Z 4' + P1 × Y '
Z 2 = s 21 × Z 1' + s 22 × Z 2' + s 23 × Z 3' + s 24 × Z 4' + P2 × Y '

Z 3 = s31 × Z 1' + s32 × Z 2' + s33 × Z 3' + s34 × Z 4' + P3 × Y '
Z 4 = s 41 × Z 1' + s 42 × Z 2' + s 43 × Z 3' + s 44 × Z 4' + P4 × Y '
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Where:
Y ' = (Yi − Yi −1 ) / dx = slope

Z 'j = Z j

from previous position

j = 1L 4

Sij and Pj are coefficients that are fixed for a given sample interval, dx, thus, the
equations above are solved for each position along the wheel track. After they are solved
for one position, equation above is used to reset the values of Z1', Z2', Z3' and Z4', for the
next position. Also for each position, the rectify slope (RS) of the filtered profile is
computed as:
RS i = Z 3 − Z1

The IRI statistic is the average of the RS variables over the length of the site.
Thus, after the above equations have been solved for all points, the IRI is calculated as:
n

IRI = [1 /(n − 1)]× ∑ RS i
i=z

The above procedure is valid for any sample interval between dx=0.25 m and
dx=0.62 m (2.0ft). For shorter sample intervals, the additional step of smoothing the
profile with a 0.25m moving average is recommended to better represent the way in
which the tire of a vehicle envelops the ground. Then the IRI is calculated by solving the
equations for each average point using coefficients in the equations appropriate for the
smaller interval.
The computed IRI will have units consistent with those used for elevation
measures and for the sample interval. For example, if elevation is measured as
millimeters and dx is expressed in meter, then the IRI will have the preferred units:
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mm/m=m/km=slope*10. The coefficients used in the equations are calculated from the
equations of motion that define a quarter-car model. In the general case, they are specific
to the vehicle model parameter values, simulation speed, and the sample interval.
The IRI summarizes the roughness qualities that impact vehicle response, and is
most appropriate when a roughness measure is desired that relates to: overall vehicle
operating cost, overall ride quality, dynamic wheel loads, and overall surface condition.
Figure 3-4 shows IRI ranges represented by different of road.

Figure 3-4 IRI Roughness Scale
IRI is influenced by wavelengths ranged from 1.2 to 30 meters. The wave number
response of the IRI quarter-car filter is shown in Figure 3-5. The amplitude of the output
sinusoid is the amplitude of the input, multiplied by the gain shown in Figure 3-5. The
gain shown in the figure is dimensionless.
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The IRI filter has maximum sensitivity to slope sinusoids with numbers near
0.065 cycle/m (a wavelength of about 15m) and 0.42 cycle/m (a wavelength of about
2.4m.). The response is down to 0.5 for 0.03 and 0.8 cycle/m wave numbers that
correspond to wavelengths of 30m and about 1.25m, respectively. However there is still
some response for wavelengths outside this range. An IRI of 0.0 means the profile is
perfectly flat. There is no theoretical upper limit to roughness, although pavements with
IRI values above 8 m/km are nearly impassable except at reduced speeds.

Figure 3-5 Sensitive Wave Number of IRI
For the specific case of IRI, defined by the NCHRP 228 parameters [Wambold,
1980] and a standard 80km/hr simulation speed, they depend only on the sample interval.
Complete instructions for measuring IRI are available in Sayers, gillespie, and Queiroz
[Janoff et al, 1990]. The instructions include listings of computer programs that solve the
equations of motion and also computer programs that calculate the coefficients.
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3.3.3

Calculation of RN

RN is the result of two NCHRP researches performed in the 1980’s by Janoff to
investigate the effect of road surface roughness on ride comfort. The objective of these
researches was to determine how features in road profiles were linked to subjective
opinion about the road from members of the public. During two studies, spaced at about a
5-year interval, mean panel ratings (MPR) were determined experimentally on a 0-to-5
scale for test sites in several states. The 0 to 5 scale as shown in Figure 3-6 was used for a
large-scale road test conducted by AASHO in the 1950’s, in which roads were subjected
to mixed traffic and researchers tracked the condition of the pavement.

Figure 3-6 Subjective Rating Scales for Roads
Longitudinal profiles were obtained from left- and right-wheel tracks of the lanes
that were rated. RN is an estimate of MPR. The mathematical procedure developed to
calculate RN is described in NCHRP Report 275, but not in complete detail. In 1995,
some of the data from the two NCHRP projects performed and a panel study conducted
in Minnesota were analyzed again in a pooled-fund study initiated by the Federal
Highway Administration to develop and test a practical mathematical process for
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obtaining RN based on objective measurement, not subjective rating. The method was to
be provided as portable software similar to that available for the IRI, but for predicting
MPR rather than IRI.
RN is a nonlinear transform of a statistic called profile index (PI). PI is calculated
from one or two profiles. The profile is filtered with a moving average with a 250-mm
(9.85-in) base length. The moving average is a low-pass filter that smoothes the profile.
The computer program does not apply the filter unless the profile interval is shorter than
167mm (6.6 in). The profile is further filtered with band-pass filter. The filter uses the
same equations as the quarter-car model in the IRI. However different coefficients are
used to obtain the sensitivity to wave number shown in the last figure. The quarter-car
parameters for the PI calculation are:
K1 = Kt / Ms = 5120,
K2 = Ks / Ms = 390,
C = Cs / Ms = 17
M = Mu / Ms = 0.036
The filtered profiles are reduced to yield PI, which should have units of
dimensionless slope (ft/ft, m/m, etc). Then, PI is transformed to RN. RN is defined as an
exponential transform of PI according to the equation:

RN = 5 ∗ e −160 ( PI )
If a single profile is being processed, PI is calculated directly. If two profiles for
both the left- and right-wheel tracks are processed, PI values from the two wheel tracks
are averaged with the following equation, then previous equation is applied.
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PI =

PI L2 + PI R2
2

Figure 3-7 shows the sensitivity of RN to wave number. The maximum sensitivity
of RN is for a wave number of 0.164 cycle/m (0.05 cycles/ft), which is a wavelength of
about 6 meters (20 ft). The IRI has a great sensitivity to a wavelength of 16 meters (wave
number of 0.065 cycle/m). The figure shows that RN has a low sensitivity to that
wavelength and even lower sensitivity for longer wavelengths.

Figure 3-7 Sensitive of RN to Wave Number

3.4 Digital Filter

A digital filter is a calculation procedure that transforms a series of numbers (a
signal) into a new series of numbers. Digital filters are used for two general purposes: (1)
separation of signals that have been combined, and (2) restoration of signals that have
been distorted in some way.
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In order to make practical use of a profile measurement, it is necessary to filter the
sequence of numbers that makes up the profile. Profiling information is used to evaluate
the condition of pavements and to manage road networks. A profile consists of different
wavelengths, varying from a few centimeters to hundreds of meters. It is also necessary
to filter profile data to view different types of profile features, i.e., the profile be filtered
to include only those waves of interest. When analyzing pavement profile, it is desirable
to remove the long wavelengths when the road trend is desired, to remove the short
wavelengths if expected to get the pavement details.
In summary, digital filter is the mathematical analysis and transformation of
signals. Signals are filtered mainly for two reasons:
1. to improve the quality of measurement by eliminating unwanted “noise” .
2. to extract information of interest from the signal.
There are four basic filter types; Low-pass, high-pass, band-pass and band-stop.
There are also two types of filters: Finite impulse response (FIR) and infinite impulse
response (IIR). In general FIR filters can be designed to have exact linear phase and there
is also great flexibility in shaping their magnitude response. In addition, FIR filters are
inherently more stable and the effects of quantization errors are less severe than IIR
filters. Conversely, IIR filters require fewer coefficients than FIR filters for a sharp cutoff frequency response, and analogue filters can only be modeled using IIR filters.
The method of digital filter design is built upon a more fundamental approach that
is call Fourier series method. This method is based on the fact that the frequency response
of a digital filter is periodic and is therefore represented as a Fourier series. A desired
target frequency response is selected and expanded as Fourier series. This expansion is
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truncated to a finite number of terms that are used as the filter coefficients or filter orders.
The resulting filter has a frequency response that approximates the original desired target
response.
Digital filters can be implemented in two ways, by convolution (called finite
impulse response or FIR) and by recursion (called infinite impulse response or IIR).
The general form of the digital filter difference equation is:
N

N

i =0

i =1

y (n) = ∑ ai x(n − i ) + ∑ bi y (n − i )
where y(n) is the current filter output, the y(n-i)’s are previous filter outputs, the x(n-i)’s
are current or previous filter inputs, the ai’s are the filter’s feed forward coefficients
corresponding to the zeros of the filter, the bi’s are the filter’s feedback coefficients
corresponding to the poles of the filter, and N is the filter’s order. IIR filters have one or
more nonzero feedback coefficients. That is, as a result of the feedback term, if the filter
has one or more poles, once the filter has been excited with an impulse there is always an
output. FIR filters have no non-zero feedback coefficient. That is, the filter has only zeros,
and once it has been excited with an impulse, the output is present for only a finite (N)
number of computational cycles.
The recursive filter is described by a difference equation given by:
y[n] = a 0 x[n] + a1 x[n − 1] + a 2 x[n − 2] + ... + b1 y[n − 1] + b2 y[n − 2] + ...
By using the z-transform, we can system’s transfer function can be given by:
H [ z] =

a 0 + a1 z −1 + a 2 z −2 + a3 z −3 + ...
1 − b1 z −1 − b2 z −2 − b3 z −3 − ...
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So the major task of filter design here is to calculate the value of all coefficients, and the
major steps to get all the coefficients are described as follows:
Step 1. Specify a desired frequency response H d (λ ) , including the magnitude
and cutoff frequencies, for example, the cutoff frequencies for band pass filter are λ L and

λH .
Step 2. Specify the desired number of filter orders N.
Step 3. Compute the filter coefficients h(n) for n=0, 1, 2,..., N-1 using

h( n) =

1
2π

∫π H

d

(λ )[cos(mλ ) + j sin( mλ )]dλ

2

The coefficients h(n) for an ideal band pass filter are calculated as:
 λH − λL

h( n) =  π
 1 [sin(mλ ) − sin(mλ )]
H
L
 mπ

m=0
m≠0

where:
n − ( N − 1) / 2
m=
n − N / 2

n
n

odd
even

During the research period, the Chebyshev filter was developed. The Chebyshev
filter is a mathematical strategy for achieving a faster roll-off by allowing ripple in the
frequency response. Digital filters that use this approach are called Chebyshev filters.
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CHAPTER 4
SYSTEM DEVELOPMENT

There are primarily two types of equipment measure Road roughness in the
United States: direct type profiler, and response type road roughness measuring system.
Ideally, the road profiling method gives accurate measurement of the pavement profile
along a reference path and the response-type method can be operated at high speed and
needs to be calibrated using Dipstick or direct type profiler. The results from response
type system are acceptable if calibrated accurately.
This chapter describes the two direct type profilers design. It demonstrates the
decisions made in the design, their rationale and the particular details of the hardware and
software design. It is felt that the overall system description is necessary and then the
Profiler software, also called the Direct Type Automatic Pavement Roughness Evaluation
System (DAPRES) is described.

4.1 System Requirements

To obtain information from a measured profile, there are two basic requirements:
1. The system must be capable of sampling the relevant information present in
the true profile.
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2. The computer software must exist to process the measured values to extract
the desired information (such as a summary index).
Because pavement roughness is defined over a pavement profile and the length of
it is normally five hundred to six hundred feet, the size of data needed to get the profile
will consume a lot of memory due to the small sample interval. It is complicated if the
user want to process the profile to get what he wants. With the development of electronic
and computer technology, we can use the electronic device and computer system to
provide the data logging and data analysis process easily. However, there are still several
factors need to be taken into account:
1. How the computer connect to the electric part of devices, that is, how the
computer get the signal of the electric part of the sensors.
2. Other factors to be considered are the easy use of sampling under the testing
environment and software compatibility.
Based on the above pavement roughness measurement requirements, we followed
following approaches:
1. The profiler consists a designed pushing cart, a laptop computer is connected with

sensors through A/D card with serial port or parallel port interface and combined with a
specific software.
2. The power supply for the sensor is directly from the laptop through computer

interface, there is no need to have any external power supply. Actually, the hardware part
of the device consumes a little power so it will not affect the computer’s normal work.

43

4.2 Direct Type Profiler Hardware Development

A profiler is an instrument used to produce a series of numbers related in a welldefined way to a true profile. It measures the components of true profile that are needed
for a specific purpose.
A profiler works by combining three ingredients:
1.

a reference elevation,

2.

a height relative to the reference, and

3.

Longitudinal distance.

4.2.1

Direct Type Profiler Introduction
The objective in the development of the walking profiler is to develop an

inexpensive, lightweight, easily transportable device. The profiler can measure the
roughness of a long distance section in about 2 or 3 hours. It is supposed to be a highly
precise machine suitable for measuring surface roughness within a class 1 profiler
confidence applied on the new pavement constructions, reconstruction or overlay.
The profiler is a precision instrument designed to facilitate the efficient collection
and presentation of continuous paved surface information, including distance, profile,
grade and International Roughness Index (IRI), Ride Number (RN) values.
The profiler enables accurate recording of measurements for actual profile, grade
and level for surfaces such as paved roads, footpaths, runways, building slabs and
sporting surface.
Figure 4-1 is a photo of the direct type I profiler. Figure 4-2 is the photo of direct
type II profiler. These compact and easy-to-use devices are pushed over the surface to be
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surveyed. The on-board computer calculates and displays graphics and tables results. The
system comes with a complete software package that provides all the data acquisition,
data processing work. It can also output all major roughness indices.

Figure 4-1 Direct Type I Walking Profiler

Figure 4-2 Direct Type II Walking Profiler
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4.2.2 Direct Type I Profiler Hardware
Figure 4-3 shows a schematic diagram of the hardware architecture of the profiler.
When the operator collects the pavement roughness data, he/she can walk under the
controlled walking pace. The sampled data come from two sources, one is from the
distance sensor and the tilt sensor provides the angle data. All the data will be transmitted
to the laptop computer by which also powers all sensors. The computer will process the
data and output the process result. The provided laptop computer is with the necessary
communication cable and power cable.

Tilt
Sensor

Distance
Sensor

A/D Converter

Data Sampling
RS232
Serial
Port

Transducer

System
Configuration

Data Processing:
IRI and RN
Notebook Computer

Figure 4-3 System Diagram of Direct Type I Profiler
The profiler consists of two main parts:
1. The compact and easy to use push cart. Both the distance sensor and tilt sensor are
mounted on the internal side of the push cart,
2. The provided laptop computer and the necessary communication cable and power
cable.
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4.2.2.1 Sensors and Conversion Module
The most important and the fundamental part of the profiler system is the sensors
part. It contributes the most part of measure errors to the system. There are a lot of kinds
of sensors applied in the profiler system before like the laser sensors, ultrasonic sensors,
accelerometers and attitude sensors.
The laser sensors and ultrasonic sensors are expensive and require the high speed
A/D converter. The accelerometers can’t give the roughness data directly and need to be
integrated twice, which will incur noise error. In our system, the attitude sensor was
applied to provide the tilt angle information. The distance sensor is trigged every 30cm in
order to give the operation length information.
The electrolytic tilt sensors have been used for many years and it is proved that it
can provide a reliable way to measure tilt angles in static and dynamic environments. The
sensor, when connected to an appropriate electronic conversion module, provides an
output proportional to a corresponding inclination angle.
There is a highly advanced and flexible angle conversion modules accompany
with the tilt sensor. It can power the sensor, provides concurrent analog and continuous
digital inclination information at the same time.
4.2.2.2 Interface
The direct type I profiler uses the 12-bit A/D converter that provides the serial
port interface to the computer. It can send the converted tilt angle data to computer and
computer can send command to the A/D converter to get data and parameter setting. The
profiler uses the other signal called “Data Ready” of the serial port to get distance
information.
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4.2.3 Direct Type II Profiler Hardware
Figure 4.4 show the system function of direct type II profiler. The system also has
three basic functions:
1. Data Sampling,
2. Data Processing and
3. System configuration (Including calibration and parameters set-up).
The main differences of direct type I and direct type II systems are the method and the
interface to the computer.
Tilt
Sensor

Data Sampling
A/D Converter

Rotary
Sensor
Distance
Sensor

Parallel
Port
Interface

System
Configuration

Transducer
Data Processing:
IRI and RN
Notebook Computer

Figure 4-4 System Diagram of Direct Type II Profiler
There are three sensors to get data. One is from the tilt sensor, which gets the first
tilt angle when the profiler is at the first position; the distance sensor gets the distance
that the profiler passed and the rotary angle sensor that get the angle data corresponding
to the last position. All the data will be transmitted to laptop through parallel interface.
The power supply for these sensors is provided directly from the laptop’s power source,
so there is no need to have any external power supply. Actually, the sensors consume
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only a little power source (20mA at 5Volts). Thus it will not affect the computer’s normal
work. Generally, a fully charged computer battery is able to continuously work for more
than 2 hours.
The type II profiler has two major parts:
1. The pushing cart – The distance sensor, tilt sensor and rotary angle sensor are
mounted on the pushing cart.
2. The laptop and cables (including power cable and communication cable).
4.2.3.1 Sensors
In direct type II profiler system, the tilt and rotary sensor were applied to provide
the tilt angle information. The distance sensor is trigged every 12.5cm in order to give the
distance information that the profiler has passed.
The rotary sensors are proven to provide a reliable way to measure angle in static
and dynamic environments. The sensor, when connected to an appropriate electronic
conversion module, provides an output proportional to a corresponding rotary angle
between the two mechanic parts of system.
4.2.3.2 Interface
The type II system used the 12-bit A/D converter parallel port interface card to
provide the digital tilt data, rotary angle data and communicate with the laptop computer.
The type II system uses the 12-bit A/D converter through parallel interface that is not
expensive; also the sampling speed is faster the serial port interface A/D card.
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4.3 Profiler Software Development

4.3.1 Overview
The software transforms the computer and data acquisition hardware into a
complete data acquisition, analysis, and calibration system. Its name is DAPRES (Direct
Type Automatic Pavement Roughness Evaluation System). DAPRES is developed in
Visual Basic and runs on a personal computer under Window 9x, window 2000 and
Windows XP operating systems.
DAPRES has three main functions: (1) Data Sampling, (2) Data Processing and
(3) System calibration and configuration. The user-friendly GUI takes the user through
the software set-up features in different screens effortlessly with the context help
providing useful instructions.
Figure 4-5 is the main menu of the system.

Figure 4-5 DAPRES Main Interface Form
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4.3.2 Data Sampling Module
The Data Sampling Module executes in a real-time environment. It functions as
the resource of the data acquisition and data storage.

After operator input the

configuration parameters such as: Observer name, Data collection site name, Data
collection date, Maximum data collection length and the degree of significance of the
surface slope, the program will make it to the main data sampling form as shown in the
Figure 4-6.
Data sampling form is the main user interface for data acquisition. When the
Sample Module receives the digital data from the parallel port, it will process in real
time. When the operator pushes the cart after every 30cm interval, the distance sensor
will trigger the communication port and the software to process the data collection and
pavement profile presentation. The elevation between the current point and the reference
start point is plotted on an oscilloscope simulation two axis screen. The screen scale
changes with the value of elevation and refresh after every one hundred meters.

Figure 4-6 Data Sampling Form
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For direct type I system, when the computer send a “Get Angle Data” command
to the A/D converter, the A/D converter will response with the digital angle data. Each
angle data will be filtered depends on configuration. On every 30cm’s interval, the
processed data will be displayed on the screen and stored into the computer memory. For
direct type II system, the software reads the rotary angle all the time and records the data
when each 12.5cm interval is reached. The operator have the option of either interrupting
the data sampling procedure for data processing or wait until the maximum distance is
reached, then the operator can make the analysis of the sampled data and save the data.
Then data file is in our own format and can be transferred to other format according to
user’s requirement.
4.3.3 Data Processing Module
The data analysis module is the most important part of the DAPRES software. It
can plot the profile and make analysis of the profile, then gives the results. The pavement
profile can be filtered in order to get the wavelength of interest, reviewed for all sections
or any interested section part, summarized to get the roughness indices and divided to get
the subsection’s analysis results in this module.

Figure 4-7 System Configuration Form
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Figure 4-7 is the main configuration form. Before the data analysis, operator was
required to input the configuration parameters that include the longest wavelength to be
kept in the data for further analysis, the value of the subsection length and the criteria for
the elevation roughness analysis.
The operator can review and plot the collected data; obtain the summary from the
collected data as shown in Figure 4-8 and Figure 4-9.

Figure 4-8 Profile Data Review Form

Figure 4-9 Analysis Results Summary Form
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The important aspect of data analysis is the ability to analyze the subsection’s IRI
result as shown in Figure 4-10. The Subsections’ RN value and Roughness Standard
Deviation value can also be calculated and plotted on the screen. The RN and RSD
results are similar to IRI results. The RN results are shown in Figure 4-11.

Figure 4-10 Subsection IRI Value Form

Figure 4-11 Subsection RN Value Form
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4.3.4 Calibration and Configuration Module
4.3.4.1 System Calibration
Due to the errors generated by the system and the original difference between tilt
sensor’s surface and absolute surface for direct type I system, field offset calibration is
required. The operator can finished the calibration procedure according to the instruction
in the calibration form shown as Figure 4-12.

Figure 4-12 System Calibration Form
4.3.4.2 Draft Calibration
The draft calibration is used to solve the problem that value of the pavement
height leaned to one side.

Figure 4-13 Draft Calibration Form
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Figure 4-13 is the draft calibration form. The operator can finish the draft
calibration follow the on-screen instructions. The system will calculate the offset value
and save the value for later use.
4.3.4.3 System Configuration
The user can change the parameters during data processing to get the expected
results. The parameters includes Low pass and high pass bandwidth, IRI/RN, RSD filter
bandwidth, sample interval if the wheel circumferences is changed, angle calibration
value and etc. Figure 4-14 shows the system parameters setup form.

Figure 4-14 System Parameters Setup Form
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CHAPTER 5

DATA COLLECTION AND DATA ANALYSIS

In order to verify the system function of two direct type roughness-measuring
systems, we collected several sets of data under different conditions using several
different profilers (direct type I Profiler, FDOT High-Speed profiler, FACE Dipstick) in
Gainesville, FL to evaluate the repeatability, accuracy, and correlation of the systems. We
also collected data in Tampa, FL using direct type I and direct type II profilers to evaluate
the repeatability and correlation of these two profilers. Finally some conclusions are
derived in this chapter.

5.1 Data Collection

It was necessary to conduct field experiment to verify whether the direct type I
system and direct type II system functions well enough to match the design requirements
and also to test the correlation results between the direct type I system and direct type II
system.
In order to verify function of direct type I profiler, field data collection was
performed in Gainesville, Florida. Based on the suggestions from FDOT, four FDOT
pavement calibration sections were used for field roughness data collection. The site had
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roughness ranged from rough to smooth conditions. Each section has a length between
500 to 600 feet. All the devices (including direct type I profiler, FDOT High-speed
profiler and FACE Dipstick) were used for data collection. Repeated runs of each device
were performed on the same calibration section. Except the FACE Dipstick, all other
devices had minimum three repeated runs on each FDOT calibration sections to minimize
the operational biases. It is a very time-consuming process for the FACE Dipstick to
collect pavement profile elevation data; only two repeated runs were used for the FACE
Dipstick to be operated on each FDOT calibration section.
The direct type I profiler was operated at walking speed. The FACE Dipstick was
operated even at much lower speed. Since FDOT High-Speed Profiler can be operated at
high speed, different operating speeds were used to evaluate the impact of the speed on
roughness outputs of the FDOT High-Speed Profiler. The operating Speeds used were 30
mph, 45 mph and 60 mph. The FDOT High-Speed Profiler has four different sampling
rates, i.e. sampling intervals of 0.273 feet (Rate 1), 0.545 feet (Rate 2), 0.818 feet (Rate
3) and 1.091 feet 9 (Rate 4). According the definition of RN, it could be anticipated that
the sampling rate may have certain impact on RN. Thus, in order to objectively evaluate
the measurements of RN by the FDOT High-Speed Profiler, different sampling rates
should be used to assess whether the sampling rate has impact on RN, so sampling rates 1
to 4 for the FDOT High-Speed Profiler were used in field data collection.
After verified the repeatability and correlation of direct type I profiler, 10 test
sections were selected and measured using direct type I profiler and direct type II profiler
in Tampa, Florida. The test sites provide the broad range of roughness.
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Each filed section should be straight with no curves or turns, and should have as
flat a grade as possible. Lengths of 500 feet (150m) have been commonly used in the
United State. Thus, the section length of 500 feet (150 m) was used in the data collection.
The test sites are shown in Table 5-1.
Table 5-1 Test Sites Locations
SITE

STREET NAME

AVG IRI (inch/mile)

1

MAGNOLIA DR.

147.6

2

LAUREL DR.

216.1

3

N 48th STREET

117.2

4

E 113th STREET

145.1

5

PINE DR

149.5

6

SYCAMORE DR.

168.5

7

L. COLLINS Blvd

135.6

8

ALUMNI DR.

219.9

9

N WOODMERE DR.

205.3

10

SPECTRUM DR.

160.3

When selecting the sites, several concerns were considered:
1. Number of repeat runs. Three repeat runs were made for each wheel path (left
and right wheel path) at each test section. The mean values of the reported roughness
statistics were calculated and used as the summarized statistic.
2. Raw data reporting interval: The raw data reporting interval of the profiler was
fixed at 30 cm for direct type I profiler and 11.25cm for direct type II profiler. The
summary statistics were reported for the entire length of a test run,
3. Testing distance. The total testing distance for each section was 150m (500 ft).
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5.2 Data Analysis

5.2.1 Repeatability Analysis
Repeatability refers to the capability of a measuring device to obtain statistically
similar results form repeated runs with measuring conditions unchanged. Repeatability is
one of the most important quality measures used to evaluate the performance of a
measuring device. For a calibration section in Gainseville, the direct type I profiler was
operated for three repeated runs to obtain IRI and RN value on each run. For the FDOT
High-Speed Profiler, since different operating speeds and sampling rates were used, thus,
for each combination of operating speed and sampling rate, three repeated runs were used
to obtain IRI and RN value on each calibration section. Table 5-2 and Table 5-3 show the
RN and IRI values obtained by the direct type I walking profiler from repeated runs on
each calibration section. The difference of IRI and RN values between repeated runs was
used to quantify the repeatability of direct type I profiler. From Table 5-2 and Table 5-3,
it can be seen that the over-all average difference of RN between repeated runs was 0.05
and the overall-all average difference of IRI between repeated runs was 4.5 in/mile. This
number means that the direct type I profiler presented good repeatability.
Table 5-2 RN Values of Direct Type I Profiler in Each Section
Run

Section 1 Section 4 Section 6 Section 7

1

3.30

3.00

2.83

3.02

2

3.31

2.95

2.82

2.98

3

3.37

2.97

2.86

3.01

Difference

0.07

0.05

0.04

0.04
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Table 5-3 IRI Values of Direct Type I Profiler in Each Section
Run

Section 1
(inch/mile)

Section 4
(inch/mile)

Section 6
(inch/mile)

Section 7
(inch/mile)

1

53

90

175

97

2

55

87

170

93

3

52

91

169

92

Difference

3

4

6

5

Table 5-4 shows the average maximum differences of RN values between repeated runs
of FDOT High-Speed Profiler. The original RN values are presented in Appendix A.
From Table 5-4, it can be seen that the over-all average difference between repeated runs
was 0.05. Thus, the FDOT High-Speed Profiler also had good repeatability.
Table 5-4 RN Values between Repeated Runs of FDOT High-Speed Profiler
Section 1 Rate 1
Rate 2
Rate 3
Rate 4

30 mph 45 mph 60 mph
0.01
0.06
0.02
0.03
0.02
0.06
0.05
0.01
0.01
0.02
0.02
0.00

Average

Average = 0.03
Section 4 Rate 1
Rate 2
Rate 3
Rate 4

0.12
0.02
0.06
0.02

0.13
0.16
0.04
0.04

0.25
0.05
0.10
0.01
Average = 0.08

Section 6 Rate 1
Rate 2
Rate 3
Rate 4

0.05
0.02
0.03
0.04

0.02
0.16
0.02
0.04

0.05
0.05
0.04
0.07
Average = 0.05

Section 7 Rate 1
Rate 2
Rate 3
Rate 4

0.04
0.04
0.04
0.03

0.02
0.02
0.04
0.03

0.04
0.01
0.06
0.02
Average = 0.03
Over-All Average = 0.05
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5.2.2 Correlation Analysis
A reliable measuring device should have good correlation with standard
reference. If a measuring device has a good correlation with standard reference and good
repeatability, this device is said to be reliable with good measuring performance.
5.2.2.1 RN Correlation Analysis
The evaluation on RN mainly focused on the FDOT High-Speed Profiler and
direct type I walking profiler because only these two devices can get RN values. The RN
correlation curves between direct type I profiler and the FDOT High-Speed Profiler
operated at different sampling rates and speeds are shown in Figures 5.1 through Figure
5.12.
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Figure 5-1 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 30 mph, Rate1)
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Figure 5-2 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 45 mph, Rate1)
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Figure 5-3 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 60 mph, Rate1)
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Figure 5-4 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 30 mph, Rate2)
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Figure 5-5 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 45 mph, Rate2)
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Figure 5-6 Correlation Between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 60 mph, Rate2)
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Figure 5-7 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 30 mph, Rate3)
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Figure 5-8 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 45 mph, Rate3)
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Figure 5-9 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 60 mph, Rate3)
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Figure 5-10 Correlation between High-Speed Laser Profiler
and Direct Type I Profiler (RN, 30 mph, Rate4)
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Figure 5-11 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 45 mph, Rate4)
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Figure 5-12 Correlation between High-Speed Laser Profiler and
Direct Type I Profiler (RN, 60 mph, Rate4)
The corresponding correlation coefficients (R2 values) are presented in Table 5-5.
From these figures and the table, it is clearly shown that the correlation between direct
type I profiler and the FDOT High-Speed Profiler is good, and it also means that direct
type I profiler can calibrate the FDOT High-Speed Profiler.
Table 5-5 R2 Values at Different Operating Speeds and Sampling Rates
30 mph

45 mph

60 mph

Rate 1

0.9891

0.9745

0.9298

Rate 2
Rate 3
Rate 4

0.9911
0.9686
0.9315

0.9889
0.9611
0.9223

0.9918
0.9955
0.9484

5.2.2.2 IRI Correlation Analysis

FACE Dipstick has been considered standard device for field calibration because
it has best accuracy performance as compared with other automated roughness measuring
devices. If a roughness-measuring device has good correlativity with FACE Dipstick, this
device is considered having good correlation with standard reference.
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The FACE Dipstick and direct type I walking profiler were operated in FDOT test
sections 1, 4, 6, and 7. Repeated runs were performed and the average values from the
repeated runs were used for correlation analysis. Table 5-6 presents the average IRI
values from direct type I Profiler and the FACE Dipstick.
Table 5-6 IRI Values Collected by FACE Dipstick, Direct Type I Profiler
Section
1
4
6
7

FACE Dipstick (inch/mile)
48.56
86.76
167.67
104.63

Direct Type I Profiler (inch/mile)
53.27
89.53
170.40
94.43

Figure 5.13 shows the correlation between FACE Dipstick and direct type I
walking profiler. From this figure, it can be seen that the direct type I walking profiler has
good correlativity with FACE Dipstick (R2 = 0.981). Thus, it is reasonable that the
correlation between FACE Dipstick and direct type I walking profiler and the correlation

IRI from Dipstick (inch./mile)

between FACE Dipstick is good.
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Figure 5-13 IRI Correlation between FACE Dipstick and Direct
Type I Profiler
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Since direct type I profiler showed good correlation with FACE Dipstick as
presented previously, direct type I profiler could be used as a standard reference to
calibrate FDOT High-Speed Profiler. In this project, one of the main purposes was to
analyze the correlativity between direct type I profiler and FDOT High-Speed Profiler.
IRI data from FDOT High-Speed Profiler were collected at different sampling rates (rates
1 – 4) and at different speeds (30 mph, 45 mph, and 60 mph). Original data showed that
the operating speed had no significant impact on the IRI measurements. However, to
analyze the correlativity, correlation results were obtained under different combinations
of sampling rate and speed.
During field data collection, the FDOT High-Speed Profiler produced roughness
data at different wavelengths (bandwidth), including 300 foot-wavelength and full
wavelength (unfiltered bandwidth). Usually, IRI should be processed from pavement
surface longitudinal profile with wavelength bandwidth in the range of 200 feet to 500
feet. Thus, the correlation analysis was based on the filtered data with a 300 footwavelength.
1.

Correlation for Sampling Rate 1

Figures 5.14 – 5.16 present the correlation analysis results for sampling rate 1 at 30 mph,
45 mph, and 60 mph, respectively. From these figures, it is found that the correlation
between FDOT High-Speed Profiler and direct type I profiler at sampling rate 1 under
different operating speeds was good.
2.

Correlation for Sampling Rate 2

Figures 5.17 – 5.19 show the correlation analysis results for sampling rate 2 at 30 mph,
45 mph, and 60 mph, respectively. Similar to the correlation at sampling rate 2, the
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correlation between FDOT High-Speed Profiler and direct type I profiler at sampling rate
2 under different operating speeds was good.
3.

Correlation for Sampling Rate 3

Figures 5.20 – 5.22 summarize the correlation analysis results for sampling rate 3 at 30
mph, 45 mph, and 60 mph, respectively. Again, based on the correlation analysis results,
it is found that the correlation between FDOT High-Speed Profiler and direct type I
profiler at sampling rate 3 under different operating speeds was good.
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Figure 5-14 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (30 mph, Sampling Rate 1)
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Figure 5-15 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (45 mph, Rate 1)
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Figure 5-16 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (60 mph, Rate 1, 300-ft.)
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IRI from Direct Type I
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Figure 5-17 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (30 mph, Rate 2)
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Figure 5-18 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (45 mph, Rate 2)

73

IRI from Direct Type I
Profiler (inch./mile)
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Figure 5-19 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (60 mph, Rate 2)
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Figure 5-20 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (30 mph, Rate 3)
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IRI from Direct Type I
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Figure 5-21 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (45 mph, Rate 3)
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Figure 5-22 IRI Correlation between Direct Type I Profiler and
High-Speed Profiler (60 mph, Rate 3)

5.3 Analysis between Direct Type I and Direct Type II Profilers

Based on the conclusions we have got above, we can use direct type I profiler to
evaluate direct type II profiler. For the data collected during the first period of this study
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are not sufficient enough to finish the whole correlation analysis. Only 10 section sites
were selection to conduct data collection and three repeated runs on each section were
made at each section.
5.3.1 Repeatability

Table 5-7 shows the IRI, RN value collected from the field tests using the direct
type I profiler. Table 5-8 shows the IRI, RN value collected from the field tests using the
direct type II profiler. The average value is derived from the 3 times tests.
From the tables, we can see that the direct type I profiler has a very good
repeatability, but the direct type II profiler does not has as good repeatability as direct
type I profiler. This problem is due to the resolution of A/D converter of the system. So
using a high resolution (like 16 bit or higher) A/D converter will be better.
Table 5-7 RN and IRI Values of Direct Type I Profiler
IRI Results (inch/mile)
1

2

3

RN Results

Difference

1

2

3

Difference

Section 1

145.1 147.0 150.2

5.1

2.72

2.73

2.79

0.07

Section 2

218.0 214.8 216.1

3.2

2.02

2.10

1.99

0.11

Section 3

114.0 121.0 116.6

7.0

3.06

3.09

3.15

0.09

Section 4

143.2 144.5 148.3

5.1

2.95

2.95

2.94

0.01

Section 5

145.1 150.2 153.3

8.2

2.74

2.72

2.79

0.07

Section 6

166.6 169.2 170.4

3.8

2.58

2.59

2.64

0.06

Section 7

135.0 135.0 136.9

1.9

3.13

3.15

3.17

0.04

Section 8

219.9 218.6 221.1

2.5

2.09

2.11

2.03

0.08

Section 9

203.4 205.9 207.2

3.8

2.64

2.60

2.57

0.07

Section 10

159.0 159.7 162.8

3.8

2.00

1.98

1.93

0.07
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Table 5-8 RN and IRI Values of Direct Type II Profiler
IRI Results (inch/mile)
2
3
Difference

1
Section 1
Section 2
Section 3
Section 4
Section 5
Section 6
Section 7
Section 8
Section 9
Section 10

160.3
302.9
133.7
120.4
230.0
271.2
88.1
314.9
349.1
281.3

177.4
297.2
119.8
122.3
247.1
273.1
84.9
307.9
355.4
283.2

164.1
309.2
135.6
115.3
214.8
293.4
87.4
335.2
331.4
263.6

17.1
12.0
15.8
8.2
32.3
22.2
3.2
27.2
24.1
19.6

1
2.47
1.45
2.82
2.84
1.74
2.74
3.43
1.79
1.55
2.47

RN Results
2
3
Difference
2.33 2.72
0.39
1.95 1.67
0.17
3.02 2.81
0.21
2.92 2.92
0.08
1.74 1.86
0.12
2.66 2.54
0.20
3.37 3.32
0.11
1.86 1.75
0.11
1.46 1.74
0.28
2.33 2.72
0.30

5.3.2 Correlation Analysis

Table 5-9 is the average IRI and RN values from direct type I profiler and direct
type II profiler. Figure 5.23 and Figure 5.24 show the correlation analysis between direct
type I and direct type II profilers.
Table 5-9 RN and IRI Values Collected by Direct Type I and Type II Profiler
Section

1
2
3
4
5
6
7
8
9
10

Direct Type II Profiler
Ave. IRI
Ave. RN
(inch/mile)
2.51
167.3
1.69
302.9
2.88
129.9
2.89
119.1
1.78
230.6
2.65
279.4
3.37
86.8
1.8
319.3
1.58
345.3
1.59
276.2
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Direct Type I Profiler
Ave. IRI
Ave. RN
(inch/mile)
2.75
147.6
2.04
216.1
3.10
117.2
2.95
145.1
2.75
149.5
2.60
168.5
3.15
135.6
2.08
219.9
2.60
205.3
1.97
160.3
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Figure 5-23 IRI Correlation between Direct Type I and Direct
Type II Profiler
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Figure 5-24 RN Correlation between Direct Type I and Direct Type
II Profiler
From the figure, it can be seen that direct type II profiler has good correlativity
with direct type I profiler (R2 = 0.7419 for IRI, R2 = 0.656 for RN). More research needs
to be done to improve the correlativity.
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CHAPTER 6
SUMMARY, CONCLUSION AND RECOMMENDATION
6.1

Summary

Two Direct Type pavement roughness evaluation systems were developed in this
research and study. Both the Direct Type profilers are inexpensive, light weighed and
easily transportable devices that can be used by a surveyor. It is designed to facilitate the
efficient data collection and presentation of pavement surface information, including
pavement profile, grade and roughness index such as IRI and RN.
The purpose of this research was to develop the two Direct Type road roughness
evaluation system and evaluate whether the two Direct Type profilers has good
correlation to Dipstick and can be used to calibrate High-Speed Profiler. To reach the
purpose, standard roughness measuring systems were used as references in fields to
evaluate whether the High-Speed Profiler had good correlation with these standard
references. The reference measurements included IRI valuates collected by FACE
Dipstick, Direct Type I Profiler from 4 test sections in Gainesville, Florida. However,
since FACE Dipstick do not have the function to produce RN values, only the Direct
Type I Walking Profiler was used to evaluate the High-Speed Profiler’s performance in
measuring RN values.

80

Field tests were performed in Gainesville, Florida. Four FDOT calibration
sections were measured by the FDOT High-Speed Profiler, Direct Type-I Profiler, FACE
Dipstick. The corresponding IRI values and corresponding RN values were obtained. The
FDOT High-Speed Profiler was operated at different sampling rates (rates 1–4) and at
different speeds (30 mph, 45 mph, and 60 mph). All devices were operated for at least
three repeated runs.
After field data were obtained, data analysis was performed to evaluate the
measuring performance of the FDOT High-Speed Profiler in obtaining RN values. The
performance was evaluated based on: the impact of sampling rate, repeatability, and
correlativity with Direct Type I Walking Profiler, etc. The repeatability of the Direct
Type I Walking Profiler was also evaluated.
Linear regression analysis (correlation analysis) was performed to evaluate the
IRI correlativity between Direct Type-I profiler and FACE Dipstick. The correlation
analysis was also performed to evaluate the RN correlativity between Direct Type-I
profiler and FDOT High-Speed Profiler. The FDOT High-Speed Profiler was also
operated at different sampling rates and different speeds.
To evaluate IRI and RN correlativity between Direct Type I and Direct Type II
profilers, a field-testing and data collection work was conducted around USF area. The
Direct Type profilers were run along the same marked wheel path of all the 10 section.
Finally, linear regression analysis was performed to evaluate IRI and RN correlativity
between Direct Type I profiler and Direct Type II profiler, with the results showing
correlation between the outputs of the two Direct Type systems.
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6.2 Conclusions

From data analysis, it was found that Direct Type I Walking Profiler showed
satisfactory repeatability performances. Thus, for real data collection by Direct Type I
system, if the data collection procedure is well controlled, there is no need to run these
devices more than three repeated runs because the difference between different runs
could be ignored.
FDOT High-Speed Profiler could be operated at different operating speeds (30
mph – 60 mph) with very little difference in RN values for a given test section and
sampling rate. However, any speeds beyond the speed range may not produce the same
conclusion because the analysis was based on the speed range and no conclusion is
supported if the speed is beyond the speed range.
The FDOT High-Speed Profiler and Direct Type I Walking Profiler had good
correlations at different sampling rates and operating speeds of the FDOT High-Speed
Profiler. Since the Direct Type Walking Profiler is considered the type I roughness
measuring device, it can be used to calibrate the FDOT High-Speed Profiler’s RN
outputs. This conclusion could make the procedure to measure pavement surface RN
values more efficiently and effectively.
Correlation analysis showed that all the roughness measuring devices used in the
project had good correlations between them in terms of IRI. Thus, the FDOT high speed
Profiler could be calibrated by Direct Type I profiler. The direct type II profiler is not
good enough to calibrate High-Speed profiler and needs to be improved.
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6.3 Recommendations

Some recommendations are presented here based on the analysis and system
development experience. They could improve the performance of these systems and
make it more precise.
The major errors of Direct Type I system come from the limitations of the sensor
inertial response. The new sensor technology may be employed to minimize or even
diminish the current sensor limitations.
It is recommended that the high-resolution analog to digital data acquisition
system or a new rotary angle sensor be used in Direct Type II profiler. Then it could get
the satisfactory correlation result between Direct Type I and Direct Type II profilers and
it can be used to calibrate the High-Speed profiler.
Since the impact of sampling rate of the High-Speed Profiler had significant
impact on its RN output, to measure RN values, the High-Speed Profiler should be
operated at a specified sampling rate. To best use the High-Speed Profiler to measure RN
values, further research is needed to verify the best sampling rate. Based on the
discussions presented above, it is recommended that sampling rate 1 or sampling rate 2
be used when measuring RN values.
It is recommended that more research be conducted in attempt to get more useful
pavement data for correlation verification between Direct Type I and II profilers and Face
Dipstick, High Speed Profiler.
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